The photo-destabilizing action of 1,3,5,7,8-pentamethylpyrromethene difluoroborate complex (PM546) on 1,3,5,7,8-pentamethyl-2,6-diethylpyrromethene difluoroborate complex (PM567) and 1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene difluoroborate complex (PM597) has been investigated. Acetonitrile solutions of PM567 and PM597 demonstrated accelerated photodegradation upon the addition of PM546; whereas the photodegradation rate of the corresponding n-hexane solutions remained invariant with respect to PM546 addition. The enhanced photodegradation rate is explained by electron transfer from PM567 and PM597 to PM546. A PM546 singlet oxygen ( 1 O 2 , O 2 (a 1 ∆ g )) quenching rate constant of 3.86 ±0.18(2σ)×10 7 dm 3 mol -1 s -1 is obtained from infrared phosphorescence measurements of O 2 (a 1 ∆ g → X 3 Σ g -).
Introduction
The photostability of organic dyes limits their practical applications to photonics where long lifetime and durability are required. Previous investigations have measured the photostabilities of organic dyes possessing high fluorescence quantum yields such as pyrromethene difluoroborate complexes (PM dyes) and perylene diimides [1] [2] [3] [4] [5] . Molecular oxygen O 2 plays an important role in the photodegradation mechanism of dyes and pigments [6, 7] . The photobleaching mechanism may depend on oxygen and the nature of the solvent. In the pursuit of higher laser damage thresholds and enhanced durability against photodegradation, a thorough investigation of the effect of additives on the photodegradation mechanism should be undertaken.
Ahmad et al. reported the photostability improvement of PM567/ethanol solutions and polymer dispersed PM567 by the addition of Coumarin 540 (C540) [8] . On the other hand, Jones reported fluorescence quenching of pyrromethene dye acetonitrile solutions by electron acceptors such as methyl viologen or pyromellitic dianhydride via electron transfer [9] . Electron transfer is one of the most fundamental reactions in chemistry and biology. A number of important processes including photosynthesis involve electron transfer. Even in systems where electron transfer is not energetically favorable in the ground state, photoexcitation would induce the reaction.
In this paper we report on the change in photodegradation rates of PM567 and PM597 solutions by PM546 addition following intense 532 nm laser irradiation. To better understand the role of PM546 in the photodegradation of PM567 and PM597, the singlet oxygen quenching rate constant of PM546 has been determined in acetonitrile solution.
Experimental
Pyrromethenes 546, 567 and 597 were obtained from Exciton Inc. and used as received.
Rose Bengal was obtained from Aldrich and used without any further purification. Acetonitrile (HPLC grade) and n-haxane (ultimAR grade) were obtained from Aldrich and Mallinckrodt, respectively. The 2 nd harmonic of a Q-switched Nd:YAG laser (Continuum Surelite, 8 ns FWHM, 10 Hz) was used as an excitation source.
Photostability experiments were carried out for 1.0×10 -5 mol dm -3 acetonitrile solutions of PM597/PM546 and PM567/PM546 and for 1.0×10 -5 mol dm -3 n-hexane solutions of PM597/PM546 with varying PM546 concentration. Photodegradation was monitored by measuring absorption spectra with a Varian Cary 300 Bio uv-vis spectrophotometer following 532 nm irradiation. To accelerate photodegradation a laser fluence of 148.6 mJ cm -2 pulse -1 was used to irradiate 1.5 ml of the sample solution. After 36,000 pump pulses a 34% and 51% decrease in absorbance was observed for acetonitrile solutions of PM567 and PM597, respectively. This degradation rate disparity may be attributed to the difference in the 532 nm absorption coefficients [3] . In contrast with the results in polar acetonitrile, a 14% decrease in PM597 absorbance was observed in n-hexane. This is consistent with previous photostability studies [11] . The photostability of pyrromethene dyes in non-polar solvents exceeds that of the polar solvents. One possible explanation for the higher photodegradation rate in polar solvents is due to the contribution of an oxygen independent mechanism which was postulated to explain the enhanced photodegradation rate of PM567 thin films upon the application of an electric field [12] .
Results and discussion

Photostability of PM567 and PM597 in solution
Polar solvents would achieve better stabilization of the free ions (Eq. (4)), thus resulting in more reaction products per unit time.
In a recent study of PM597 photodegradation in methanol dye photodegradation was observed to be 2 nd order with respect to PM597 concentration in accordance with Eq. (7) [5] . 
In the present investigation, least-squares fits of acetonitrile and n-hexane solutions of PM597 photodegradation to Eq. (7) are shown in Fig. 3 .
( Fig. 3 )
The linear dependence of PM597/n-hexane solutions to Eq. (7) suggests a photodegradation rate that is 2 nd order with respect to concentration consistent with PM597/methanol photodegradation [5] . The nonlinear fit of PM597/acetonitrile solutions may be attributed to longer singlet oxygen lifetimes and/or faster 1 O 2 quenching by PM597 in acetonitrile relative to hexane [5, 13, 14] . As the concentration of PM546 increases, the ratios A 0 /A monotonically increases.
In order to investigate the effect of oxygen, deoxygenated sample solutions were irradiated. Significant improvement in photostability is observed in Fig. 6 . Under these conditions photooxidation via oxygen is inoperative, however accelerated photodegradation following PM546 addition occurs for acetonitrile samples under vacuum. Thus, other photodegradation mechanisms need to be considered.
(Figs. 6)
These alternative photodegradation mechanisms may involve the chemical reaction or complex formation between PM546 and PM597. Complex formation and chemical reaction were evaluated by analyzing the emission and absorption spectra. Fluorescence quenching of PM597 by PM546 in acetonitrile is shown in Fig. 7 . There is no change in the shape of the fluorescence spectra which suggests no exciplex formation. Absorption spectra even at the highest concentration of PM546 can be reproduced by the sum of the PM597 and PM546 spectra, indicating no ground state complex formation. The bimolecular quenching constant k q is estimated using the Stern-Volmer equation,
where I 0 and I are the fluorescence intensities in the absence and the presence of the quencher and τ 0 is the fluorescence lifetime of PM597, 4.27 ns [15] in the absence of the quencher. The I 0 /I versus [PM546] plot is observed to be linear. Linear regression analysis resulted in a bimolecular quenching constant of 2.6 × 10 10 dm 3 mol -1 s -1 .
( Fig. 7) 
Effect of PM546 addition
To rationalize the higher PM597 photodegradation rate and PM597 fluorescence quenching upon PM546 addition, additional elementary reactions should be considered in the photodegradation model [5] . Additional processes to consider in PM597 photophysics are: (1) dipole-dipole interaction induced singlet-singlet energy transfer, (2) Dexter triplet-triplet energy transfer, (3) PM546 sensitized singlet oxygen generation and (4) excited state electron transfer from PM dyes to PM546. The singlet-singlet energy transfer mechanism can be ruled out since the S 1 state energy of PM546 is much higher than those of the other PM dyes. Overlap between absorption of PM546 and fluorescence of PM597 (PM567) is negligible. The triplet yield of PM597 is not negligible [16] . The longer triplet state lifetime can make energy transfer possible.
In order to evaluate the Dexter triplet-triplet energy transfer mechanism (2), DFT calculations were performed to determine S 0 and T 1 energies. Calculated total energies for the S 0 and T 1 states and the relative energies of the T 1 state are listed in Table 1 . The T 1 energy of PM567 is in good agreement with the experimentally obtained value of 37.9 kcal mol -1 [17] . The T 1 energy of PM546 is higher than those of PM567 and 597. Therefore, the triplet-triplet energy transfer is not a possible path. Since PM546 possesses a relatively high fluorescence yield in acetonitrile Φ = 0.93-0.95 [16, 18] and deoxygenated PM597 exhibited accelerated photodegradation upon PM546 addition, PM546 sensitized singlet oxygen generation will be a minor path for PM dye degradation. Further validation of this was stable PM546 absorbance readings following the prolonged 532 nm irradiation of a 2.5 ×10 -5 M PM546 acetonitrile solution. On the basis of the fluorescence quenching experiment, electron transfer may occur from the excited state of PM597 to the ground state of PM546. The predicted standard free energy changes (∆Gº) are displayed in Table 2 . The ∆Gº values were estimated using the Rehm-Weller equation
where E(D/D + ) and E(A/A -) are the half-wave oxidation and reduction potential for the donor and acceptor, respectively, E 00 is the excitation energy, e is the electronic charge, ε is the dielectric constant of the solvent, and r DA is the separation between the donor and the acceptor. 
In nonpolar n-hexane, solvent stabilization of the ion pair is weaker resulting in a shift of the equilibrium in Eq. (10) towards reactants. The failure to form the ion-pair leads to deactivation of this photodegradation mechanism.
Phosphorescence Quenching by PM546
The observed decrease in PM567 and PM597 photostability upon PM546 addition is in marked contrast to the reported photostability enhancement upon C540 addition [8] . In the present experiment accelerated photodegradation predominates in the competition between enhanced dye photostability and accelerated dye photodegradation upon PM546 addition. An additive's ability to enhance PM dye photostability is attributed to singlet oxygen quenching [1, 6, 7] . The PM546 singlet oxygen quenching rate constant was determined by recording the 1270 nm phosphorescence decay profiles of an irradiated 5.6 × 10 -5 mol dm -3 rose bengal/acetonitrile solution with varying PM546 concentration. The phosphorescence temporal decay profiles are shown in Fig. 8 with fitting curves by an exponential function c 0 + c 1 exp(-c 2 t) via weighted linear regression. Increasing phosphorescence decay rates are observed for increasing PM546 concentration consistent with 1 O 2 quenching by PM546. A 1 O 2 quenching rate constant of 3.86 ±0.18 (2σ) ×10 7 dm 3 mol -1 s -1 was obtained from the Stern-Volmer plot of the apparent quenching rate constants vs. PM546 concentration in Fig. 9 . The obtained value is close to that reported for PM567 in benzene [17] . The observation of accelerated PM dye photodegradation upon PM546 addition despite the significant 1 O 2 quenching rate constant, suggests faster kinetics for PM546 electron transfer (Eq. (10)) rather than PM546 1 O 2 quenching.
( Figs. 8, 9) 
Conclusions
The PM567 and PM597 photostability dependence upon PM546 was investigated in solution by measuring absorption spectra following 532 nm laser irradiation. Photodegradation rates increased with increasing PM546 concentration. Fluorescence quenching of PM597 by PM546 was observed in acetonitrile. Electron transfer from the excited state of PM597 to the ground state of PM546 was considered as the mechanism responsible for the fluorescence quenching and the accelerated PM dye photodegradation. The singlet oxygen quenching rate constant of PM546 in acetonitrile was determined to be 3.86 ±0.18 (2σ) ×10 7 dm 3 mol -1 s -1 . This suggests that in addition to the singlet oxygen concerned photodegradation mechanism, photoinduced electron transfer between the dye and the additive, which also acts as a singlet oxygen quencher, must be considered. 
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